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Evidence has been advanced recently that CO2 is also essential during the dark period for floral initiation in some short day plants (13) as also in the allied phenomenon of vernalization of Alaska peas (15) . Gregory et al (8) and Langston and Leopold (13) have suggested that the CO2 metabolism in darkness is closely related to the photoperiodic response of short day plants.
It would be interesting to know more concerning the products of CO2 fixation in this connection. Calvin and co-workers (4) have demonstrated that products of dark and light fixation of CO2 by green pl)lnts are dependent upon preceding light and dark conditions. It has long been accepted that some materials synthesized in a high intensity light process are utilized in the long dark period essential for flowering of short day plants (9) . This suggests that .a ttlIy of C*02 fixation in light and darkness during the period of photoperiodic induction with the aid of chromatographic and autoradiographic techniques may yield useful information regarding the biochemistrv of the photoperiodic reactions. MATERIALS AND METHODS Two short day species-Biloxi Soybean (Glycine Max L.) and Cocklebur (Xanthium pensylvanicum Wallr.), and one long day species-Wintex barley (Hordeum vulgare L.), were used. These were grown on gravel beds with nutrient solutions. Induction treatment was begun when the plants were at least 3 weeks o0l(. Short and long day species were maintaine(l in the vegetative condition by subjecting them to 16 -and S-hour photoperiods, respectively. For floral induction the respective photoperiods were 8 an(l 16 hours.
Carbon (lioxi(le fixation was studied with detached leaves except in the case of barley (the bulk of which 1 Received November 29, 1955. -Journal Paper 'No. 970, Agricultural Experiment Station, Lafayette, Indiana. 3 Present addriess: Bose Researchli Institute, 93 Upper Circular ]Rodl, Calcutta, India. is leaves) when only the roots were removed. The leaves of soybean and cocklebur were selected to have a midrib length of 6 to 8 cm; for cocklebur such young leaves have been shown to have the maximum sensitivity (11). The leaves were cut under water and the petioles were then dipped in a complete nutrient solution. The method of application of CO2 was as described previously (13) . The concentration of CO2 in the experimental atmospheres was 0.25 %, and the radioactivity was approximately 25 Mc/l of air. Where comparisons of 3 species are made in the tables, all 3 were exposed to the C*0, simultaneously in the same chamber.
In the experiments on photosynthesis, the photosynthetic chamber was immersed in a glass water bath to minimize temperature changes inside the chamber. The chamber was evacuated briefly with an air circulating pump before C*02, was introduced. The C*02 was generated previously in a closed weighing bottle fitted with stop-cocks and forming a part of the assembly, and was swept into the experimental chamber with natural air when the stopcocks were opened. The light on the leaf surfaces was ca 3000 fc in intensity and was supplied by a 150 w reflector flood lamp for 15 minutes in all experiments.
The plant material was weighed before introduction into the chamber, and immediately after cessation of the experiment was dropped into boiling 80 % ethanol and extracted on a water bath for 20 minutes. The alcoholic extract was decanted, and the tissues further crushed and extracted with fresh 80 % ethanol on a Waring Blendor for 5 minutes and the extract filtered. The combined filtrates and washings were concentrated under vacuum to a small volume, and then diluted with water to a volume such that 1 ml of the extract would correspond to 1 gm of fresh tissue. When heat was applied care was taken that the temperature did not exceed 750 C. The concentrated extract was centrifuged if necessary and 50 to 100 /Al of the extract solution was applied at a corner of Whatman's No. 1 filter paper and chromatographed two-dimensionally. The solvents used were water-saturated phenol and n-butanolacetic acid-water in the ratio by volume of 4: 1:1. The papers were then exposed to Kodak Noscreen x-ray film (17" x 14"), the exposure time depending on the activity of the spots. In most cases a one month exposure was enough. The radioactive areas of the paper were marked carefully with a pencil and couinits taken di-rectly on the paper (5, 33). The spots were then cut out, eluted with warm water and tests for identification performed. For compounds not distinctly separated or those with large spot-areas aliquots of eluate were run in the same solvent for a longer time or in a different solvent. Most of the compounds were identified by color reactions, by Rf values in different solvents, and by chromatography with authentic samples.
The 80 % alcohol-insoluble residue was washed thoroughly, dried in an oven at 90°C ground to a fine powder on a micro-mill and the radioactivity counted in saturation thickness. Dark fixation samples were counted with a windowless gas flow counter, and photosynthetic fixation samples with an endwindow counter.
EXPERIMENTAL
Preliminary experiments on the rates of CO2 fixation in darkness by leaves of soybean, cocklebur and barley indicated that there were changes in these rates during the night. One would expect such changes on the basis of the data of Langston and Leopold (13) . An analysis of the amounts of radioactive CO2 incorporated during three-hour intervals bv leaves of cocklebur is shown in figure 1 . These data are only for components soluble in 80 % ethanol. It can be seen that the highest rates of dark fixation into the soluble fractions occurred during the first six hours of the night, and subsequent fixation into solubles was at a noticeably smaller rate.
Separation of the soluble products of dark fixation in leaves of soybean, cocklebur and barley pro- There is an interesting possibility that the products of dark fixation of CO2 may be altered by the 10I x t subsequent light period. In order to investigate this point, plants were exposed to C*02 during the night period and then exposed to 15 min light in normal atmosphere before being plunged into boiling ethanol. Chromatographic separation of the tagged compounds showed no significant differences between the distribution of the radioactivity in those killed immediately after the dark exposure and those given subsequent light. The distributions in all three species were very similar to the data shown in table I.
Analysis of the products of photosynthetic fixation yielded the data shown in table II. Leaves of each of the three species were allowed to photosynthesize C*02 for 15 minutes, and were then killed at once for analysis. In contrast to the situation after photosynthetic fixation of C*O2 are compared in all three species after a single night period of 8 or of 16 hrs. At the beginning of this experiment all plants were in a vegetative condition. Both the ethanol soluble and insoluble fractions were counted, and it can be seen that large inhibitions of C*02 fixation were obtained after the long dark period. These inhibitions are evident in both the soluble and the insoluble fractions.
A final point of interest concerning CO2 fixation appeared to be the nature of changes of photosynthates during the dark period subsequent to light exposure. In order to investigate this point, leaves of each of the three species were allowed to fix C*O2 in the light for 15 minutes, at which time the radioactive gas was swept away and the leaves were then darkened for 16 hrs. Samples were killed for analysis immediately after the light period, after 8 hrs of darkness, and after 16 hrs of darkness. Chromatographic separation of the tagged compounds revealed some large changes during the dark. First of all, there was a very rapid evanescence of the entire carbon pool. The loss of radioactivity in the ethanol soluble fraction was so rapid that 40 to 60 % of the radioactivity was lost in 16 hrs. The changes in the major groups of tagged compounds are shown in figure 4. It can be seen in the figure that the sugarswhich constitute 70 to 90 % of the tagged soluble compounds-disappear at a rate very similar to the rate for total activity. A greater diversity of disappearance rates was found for the organic acids and amino acids. The former fell off in a manner parallel to the total activity in soybean leaves but they showed marked increases during the first 8 hrs of darkness in cocklebur and barley. These increases imply synthesis of organic acids from compounds produced during the immediately preceding light period-probably the sugars. The synthesis of amino acids might logically be expected to follow the organic acids, and in fact they showed simultaneous increases at 8 hrs in both soybean and cocklebur leaves. In barley the disappearance rate of amino acids was slow -considerably slower than the disappearance of activity in any other fraction. These data for the amino acids are plotted without including the data for alanine, because this compound experienced large and unique changes in the darkness. In all three species studied here, there were large amounts of radioactivity in alanine after light fixation periods, and in every instance this activity was quickly lost from the darkened leaves. A separate curve for alanine is plotted in figure 4 for each species. This compound at the beginning of the dark period showed the highest radioactivity of any compound in the leaves except sucrose, and in every instance it had practically vanished after 8 hrs darkness.
DISCUSSION
Studies of the profound effects of light and darkness upon metabolism in this and previous studies have established that these environmental factors have complex effects upon respiration (2, 6, 12, 18, 28) and especially upon the fixation of carbon dioxide (2, 8, 13, 20) . Cycles of light and dark which There are few published reports regarding the metabolic products of the dark fixation of CO2 for long periods. C*02 was used for comparatively long dark periods in some experiments involving sunflower (7), Kalanchoe (27) , soybean (26) and barley (4) . The photoperiodic circumstances of the plants used were not controlled, so the products obtained at the end of the dark periods do not assist in the understanding of the mechanism of photoperiodic induction. In only a few studies (23, 24) has attention been paid to the synthesis and utilization of individual compounds during extended night periods; in most instances in which they have been studied duration of the experiment was only a few minutes (3, 25) or a few hours (34).
In relation to the long established fact that a light period must precede a dark period for photoperiodic effectiveness (9) , it is suggestive to note that sugars have been indicated as prerequisites for organic acid formation at night (23, 24, 29) and sugars are clearly not formed during the darkness. With respect to the products of dark fixation, it is interesting that malic acid-the major product of dark fixation in a wide variety of plant tissues (27)-is not detectable after 8 hrs in vegetative short-day plants, but is abundantly present in photoinduced plants (table I) . In barley, relatively little organic acids are formed as a consequence of dark fixation, but very large amounts are formed in light (tables I and II). This species does not require a long night for flower initiation, nor does it require CO2 in the atmosphere at night (13) . MIalic acid is particularly abundant after light fixation in barley, and this acid has been found to promote its flowering (14) .
Among the amino acids, alanine provides most interesting data. This compound was found by Racusen and Aronoff (25) to accumulate quickly in the dark immediately following termination of light exposure, and it has also been shown to be formed photosynthetically probably via pyruvic acid (19) .
Whatever its means of synthesis, our data indicate that in prolonged dark periods, alanine is lost at the greatest rate of any compound measured.
One might conceive of light and dark as having four obvious possible interactions on the CO2 fixaticn scheme: a) light may alter the fixation products of the previous dark period; b) it may alter the subsequent dark fixation, c) photosynthesis itself may be altered by the previous period of dark fixation; and d) the products of photosynthesis may be altered in the subsequent dark period. In this study we have examined each of these possibilities. As for the first, it was found that 15 min light had no perceptible effect upon the distribution of radioactivity fixed during the preceding darkness, and so it would appear that this possibility does not hold. However, each of the other three possibilities are supported by our data. The rate of dark fixation is decreased in time after termination of the light period (fig 1) . Photosynthetic rates are strongly altered by the length of the previous dark period (figs 2 and 3) . And the products of photosynthesis are rapidly and profoundly changed during the ensuing dark periocl (fig. 4 ).
For some time it has been held that light forms some precursor for a dark reaction (9) , and this was the role of the light period in photoperiodism. Our data are entirely in agreement that the light period brings about the synthesis of some materials which will be altered in the dark, but they indicate that this may be only a part of the light effects. Sugar application has been found to replace effectively the light period in normal cocklebur plants (16) , as well as in etiolated plants of long-day Raphanus (31) and of short-day Chenopodium (17) and Pharbitis (32). Gregory et al (8, 30) observed that light caused large bursts of CO2 production in Kalanehoe plants which had been photoinduced, and Langston and Leopold (13) established that light interruption not only caused loss of much of the carbon fixed in the previous dark period but also retarded subsequent fixation in the remainder of the dark period for soybean and cocklebur. These findings along with the results of the present study, indicate that light brings about complex changes in CO2 metabolism which may well be related to photoperiodism.
A problem in the interpretation of data of the sort reported here is the question of how much of the radioactivity in the leaves is due to exchange of CO2 in equilibrium phenomena of the carboxylating enzymes, and how much is due to an actual net fixation or synthesis. according to the standard procedure for fluoride determination (12) . The concentration of hydrogen fluoride could be changed by varying the bore or length of the capillary tube, the speed of air exchange in the chamber, or the original air-hydrogen fluoride mixture. In these experiments, concentrations ranging logarithmically from 0.01 ppm to 1.0 ppm fluoride were desired. Actual concentrations evolved were 0.005, 0.10, and 0.65 ppm. All fumigations were continuous and were carried out at temperatures of 25 to 300 C and relative humidity of 56 to 60 %.
The experimental plan is indicated in table I. Twelve plants of each species were fumigated under each set of conditions, hereafter referred to as long- 
